Duckweeds include the world's smallest and fastest growing flowering plants that have the capacity to produce huge biomass with a broad range of potential applications like production of feed and food, biofuel and biogas. In order to achieve optimal and sustainable commercial system, it is necessary that suitable species and clones of duckweeds be identified and selected based on appropriate strategies. However, a high degree of reduction in their structural complexity poses serious problems in identification of closely related species of duckweeds, on a morphological basis. Use of molecular taxonomic tools is the present solution. The state of the art of molecular taxonomy of all the five genera of duckweeds (Spirodela, Landoltia, Lemna, Wolffiella, and Wolffia) is based mainly on the techniques of fingerprinting by amplified fragment length polymorphism (AFLP) and barcoding using sequences of plastidic DNA fragments. After more than 15 years of molecular taxonomic investigations, a certain viewpoint is now available demonstrating all five genera to be monophyletic. Also, the phenetic analyses had made huge progress in delineating the currently defined 36 species of duckweeds, although, all species cannot yet be defined with confidence. Wolffiella has turned out to be the most complicated genus as only 6 to 7 species out of the 10 can be reliably delineated. Further progress in the phylogenetic and phenetic analyses requires more advanced methods like next generation and/or whole genome sequencing. First results using the method genotyping-by-sequencing in the genus Lemna (in combination with metabolomic profiling by matrix-assisted laser desorption ionization time-of-flight mass-spectrometry (MALDI-TOF-MS) as well as AFLP and barcoding by plastidic sequences) are more promising: The species Lemna valdiviana and Lemna yungensis were united to one species, Lemna valdiviana. This reduced the total number of Lemnaceae species to 36.
Duckweeds include the world's smallest and fastest growing flowering plants that have the capacity to produce huge biomass with a broad range of potential applications like production of feed and food, biofuel and biogas. In order to achieve optimal and sustainable commercial system, it is necessary that suitable species and clones of duckweeds be identified and selected based on appropriate strategies. However, a high degree of reduction in their structural complexity poses serious problems in identification of closely related species of duckweeds, on a morphological basis. Use of molecular taxonomic tools is the present solution. The state of the art of molecular taxonomy of all the five genera of duckweeds (Spirodela, Landoltia, Lemna, Wolffiella, and Wolffia) is based mainly on the techniques of fingerprinting by amplified fragment length polymorphism (AFLP) and barcoding using sequences of plastidic DNA fragments. After more than 15 years of molecular taxonomic investigations, a certain viewpoint is now available demonstrating all five genera to be monophyletic. Also, the phenetic analyses had made huge progress in delineating the currently defined 36 species of duckweeds, although, all species cannot yet be defined with confidence. Wolffiella has turned out to be the most complicated genus as only 6 to 7 species out of the 10 can be reliably delineated. Further progress in the phylogenetic and phenetic analyses requires more advanced methods like next generation and/or whole genome sequencing. First results using the method genotyping-by-sequencing in the genus Lemna (in combination with metabolomic profiling by matrix-assisted laser desorption ionization time-of-flight mass-spectrometry (MALDI-TOF-MS) as well as AFLP and barcoding by plastidic sequences) are more promising: The species Lemna valdiviana and Lemna yungensis were united to one species, Lemna valdiviana. This reduced the total number of Lemnaceae species to 36.
INTRODUCTION
Lemnaceae (commonly known as water lens or duckweed) is a family of monocotyledonous water plants (Landolt, 1986; Landolt and Kandeler, 1987; Sree et al., 2016) characterized by the fastest growth rates among flowering plants (Sree et al., 2015b; Ziegler et al., 2015) . As a consequence, the rate of biomass production is high, which provides the basis for different practical applications of duckweeds in the areas of food and feed sustainability (Landolt and Kandeler, 1987; Appenroth et al., 2017 Appenroth et al., , 2018 Sonta et al., 2019) and biotechnology (Zhao et al., 2015; Chen et al., 2018; Kaur et al., 2018; Ren et al., 2018) .
The biotechnological optimization as well as the commercial application of duckweeds require the knowledge of the taxa of these plants. Because of the miniaturization of the morphological units and extreme reduction of anatomical complexity, only a few experts worldwide can delineate duckweed species based on morphological markers. Considering these limitations, some decades back, Crawford and co-workers tried to delineate duckweed species based on chemical composition of flavonoids and analyzed isoforms of enzymes (allozymes), an advanced form of chemotaxonomy in that time. These authors wrote: "Allozymes were employed because they reflect discrete genetic differences and thus represent a potentially useful method for assessing whether one or two gene pools exist within what has been treated as two taxa" (Crawford et al., 1996) . This method produced interesting results and had already offered an essential step ahead of the difficult morphological determination technique (Crawford and Landolt, 1995; Crawford et al., 1997 Crawford et al., , 2001 . With the advent and development of molecular biology tools and techniques, analysis of taxa at the level of DNA offered deeper comprehension than chemotaxonomy. Therefore, the term molecular taxonomy is now almost exclusively used in connection with several methods of DNA analysis for taxonomic delineation.
At the level of genera, Les et al. (2002) already provided significant results demonstrating that all five genera are monophyletic taxa. Beside the delineation of species, identification of clones (Lemnaceae propagate mainly vegetatively resulting in genetically identical offsprings, called clones or strains) is also a requirement of the present day. Remarkably, the efficiency of physiological processes responsible for the commercial properties of these plants is not dependent on the genus or the species but is a characteristic of the clones of duckweeds. This clonal diversity has been proven e.g., for growth rate (Sree et al., 2015b; Ziegler et al., 2015) , turion formation capacity (Kuehdorf et al., 2014) , nutritional quality as well as for starch accumulation capacity (Sree et al., 2015a; Ma et al., 2018) . These exemplary investigations demonstrate that the physiological properties shown by a particular clone of a duckweed species is characteristic to that clone and cannot be extrapolated to the whole species or to the genus or to the family. For the screening and commercialization of clones with desirable characteristics and for maintaining these desirable genetic resources, it is, therefore, necessary to identify the particular clone of duckweed. However, clones of a given species, on a morphological basis, are highly similar and hence identification of clones requires the use of molecular tools. The progress in this approach is further supported by the increasing number of available whole genome sequences of duckweed species belonging to three of the five genera of the plant family, like Spirodela polyrhiza clone 9509 (Hoang et al., 2018 , and references therein), Lemna minor 5500 (Van Hoeck Abbreviations: AFLP, amplified fragment length polymorphism. Note: The genera have not been abbreviated to the starting letter during repeated use of the species nomenclature in the text in order to avoid confusion (Genera Landoltia and Lemna start with "L" and genera Wolffiella and Wolffia start with "W"). et al., 2015) and Lemna minor 8627, Lemna gibba 7742a, and Wolffia australiana 8730 (www.lemna.org/; for a review see An et al., 2018) . Further, 68 clones of Spirodela polyrhiza were recently sequenced by Xu et al. (2019) and 38 by Ho et al. (2019) .
In the wake of the available resources, molecular taxonomic methods have attracted attention of the duckweed researchers. The aim of the present review is to address the questions: With what reliability can the presently available molecular methods be used to delineate, characterize and identify different taxa of Lemnaceae? The phylogenetic approach is of general interest as Lemnaceae occupy a unique basal position within monocot plants and we try to make it clear that the requirements for answering phenetic or phylogenetic questions are different.
PLANT FAMILY AND CATEGORIZATION INTO GENERA
Duckweeds constitute the family Lemnaceae Dumort. Although, it has been shown convincingly that Lemnaceae are very closely related to Araceae (Cusimano et al., 2011; Nauheimer et al., 2012; Choi et al., 2017) , it has been further discussed that it is not necessary to integrate Lemnaceae into the family of Araceae (as subfamily Lemnoideae) and that this group can be treated in accordance with taxonomic rules as plant family, i.e., Lemnaceae Dumort (Appenroth et al., 2013 Bog et al., 2018, in press) (Figure 1) . Based on the morphological markers, Landolt (1980 Landolt ( , 1986 had categorized the family into two subfamilies, Wolffioideae (members devoid of roots) and Lemnoideae (members with varying numbers of roots). Normally, they would not be defined as taxa because the latter is paraphyletic. However, this categorization is very useful within a morphological key of determination (Landolt, 1980 (Landolt, , 1986 of Lemnaceae species and therefore is used for practical reasons.
After Les and Crawford (1999) defined the species Spirodela punctata as constituting a genus of its own, called Landoltia (which changed the nomenclature of the only species within this genus necessarily to Landoltia punctata (G.Mey.) Les & D.J. Crawford), the plant family now comprises of five genera (Figure 1 ). According to Les et al. (2002) , all five genera are monophyletic. Already in 1986, Landolt suggested that evolution proceeded from the genus Spirodela to the genus Wolffia. However, the most evolved nature of the genus Wolffia could not yet be confirmed by molecular taxonomic tools. The phenetic tree structure of the plant family as reported by Les and Crawford (1999) and Les et al. (2002) was recently confirmed by Ding et al. (2017) using whole plastidic sequences of eight clones from all genera. However, the relative position of the genera Wolffiella vs. Wolffia in this tree cannot be defined because the branches representing these genera can be freely turned around the branching point. Remarkably, the evolutionary development in the family is correlated with a reduction of morphological and anatomical structures and increase in the number of derived characters, quantified as "degree of primitivity, " where most ancient/basal species have the highest "degree of primitivity" and derived species a lower degree (Landolt, 1986, p. 417-420) . Interestingly, this "degree of primitivity" is negatively correlated with the DNA content per genome (Wang et al., 2011; Hoang et al., 2019) . It is important to mention here that, this correlation exists at the level of genera but is hardly detectable at the level of species within the genera, as inferred from the data presented by Wang et al. (2011) .
DELINEATION OF SPECIES
Although there were some preliminary attempts of use of molecular tools in the field of taxonomy of Lemnaceae (Jordan et al., 1996; Rothwell et al., 2004; Martirosyan et al., 2009) , the era of molecular taxonomy of Lemnaceae kick-started with the hallmark paper of Les et al. (2002) . For the first time, all species were included in the analysis and comprehensive trees were presented. The same group extended the analysis by investigating for the first time the nuclear fragments: internal and external transcribed spacer ITS and ETS (Tippery et al., 2015) . With such procedure, it is possible to reveal the general structure of family and genera. However, as these studies included only one clone per species for the final evaluation, delineation of species is not possible, as the intraspecific genetic variations are not known. This problem was involuntarily demonstrated in their publication (Les et al., 2002) as a clone of the species named Lemna ecuadoriensis 8896 was included in the analysis of the whole family. Interestingly, a well separated branch was obtained for this clone indicating it as being a distinct species, Lemna ecuadoriensis. However, already in 2000, during a revision based on morphological markers, Landolt had merged clones of Lemna ecuadoriensis with those of Lemna obscura (Landolt, 2000) making the term Lemna ecuadoriensis a synonym. This revision was later confirmed by the AFLP analysis performed by Bog et al. (2010) , where the clone 8896 (Lemna ecuadoriensis) was well integrated into the cluster of Lemna obscura. We conclude that the internal species structure of genera can be analyzed even when each species is represented only by a single clone. However, delineation of species as part of phenetic analysis indispensably requires the investigation of several clones per species in order to obtain reliable results.
The plant family Lemnaceae presently consists of 36 recognized species (Sree et al., 2016; Bog et al., in press, 2020) . This present state has been achieved as a combinatorial result of use of molecular taxonomic tools on the clones of a species designated by using morphological markers. The molecular characterization of species until now has largely been based either on fingerprinting by AFLP or on barcoding using sequences of amplified plastidic fragments or nuclear fragments. Use of AFLP supposes that all individuals can be evaluated by the pattern of electrophoretic bands. However, we learnt that this is only possible within each of the genera of Lemnaceae but not for the whole plant family taken together. Therefore, the results of barcoding using AFLP were compiled separately for each genus (Bog et al., 2010 (Bog et al., , 2013 (Bog et al., , 2015 , uniting only the small genera (in terms of the number of species) Spirodela and Landoltia (Bog et al., 2015) . This problem does not exist in the barcoding procedure using plastidic fragments as markers. In the present paper, we will review the state of the art of molecular taxonomy of Lemnaceae with respect to each of the five genera.
GENERA SPIRODELA AND LANDOLTIA Historically, three species, Spirodela polyrhiza, Spirodela intermedia, and Spirodela punctata (synonym: Spirodela oligorrhiza) constituted the genus Spirodela (Landolt, 1986) . The species Spirodela intermedia seems to be the most basal species of Lemnaceae as investigated on the basis of morphological markers. According to Landolt (1986) , this species has the highest degree of primitivity i.e., it represents the highly differentiated plant body c.f. less differentiated plant body in Wolffia and Wolffiella as an adaptation to aquatic life style.
With the advent of molecular taxonomic tools to the family of Lemnaceae, these three species were separated into two genera, Spirodela and Landoltia (changing the nomenclature of the species, Spirodela punctata to Landoltia punctata), based mainly on the investigation of the plastidic sequence rbcL (Les and Crawford, 1999) . These results were confirmed by investigating the whole plastidic sequence analysis of Spirodela polyrhiza and Landoltia punctata (Ding et al., 2017) . Taken together, there is no doubt that these three species should be organized into the two different genera as mentioned above. In addition, the two species that presently constitute the genus Spirodela, Spirodela polyrhiza, and Spirodela intermedia, can be clearly delineated by all the plastidic markers used to date ( Table 1) . Moreover, the essential genome structure of the two species of Spirodela have been revealed recently (Hoang and Schubert, 2017) . Some of the initial molecular taxonomic investigations on these genera were carried out by Les et al. (2002) with only one clone per species included in the analysis. Wang et al. (2010) also separated all three species in an UPGMA tree based on atpF-atpH sequences. But, in this study the clone 9203 was misplaced as Spirodela polyrhiza although E. Landolt had identified this clone earlier as Spirodela intermedia (personal communication to KJA). This error was also pointed out by Borisjuk et al. (2015) who investigated 7 clones of Spirodela polyrhiza, 8 clones of Spirodela intermedia and 6 clones of Landoltia punctata. Eliminating this error, the combined cpDNA dataset based on atpF-atpH and psbK-psbI intergenic spacers clearly separated all of these three species with high bootstrap values. In a study focused on these two genera, Bog et al. (2015) investigated 24 clones of Spirodela polyrhiza, 14 clones of Spirodela intermedia and 17 clones of Landoltia punctata using the plastidic fragments rpl16, rps16, and atpF-atpH. In this study, all clones were categorized with high bootstrap values according to their morphological identification. However, the results showed that there was hardly any detectable intraspecific differentiation although a comparatively higher intraspecific genetic variation was observed in the species Spirodela intermedia than in the other two species.
Additionally, Bog et al. (2015) delineated these species using the method of AFLP. With this method, it was not only possible to delineate the two genera and three species clearly but it was also possible to separate (statistically significant) several genotypes within the species: 6 genotypes in Spirodela intermedia (out of 14 clones), 3 genotypes in Spirodela polyrhiza (24 clones) and 3 genotypes in Landoltia punctata (17 clones). However, this does not allow characterization of all investigated samples at the level of clones. Detection of a larger number of haplo-/genotypes in the species Spirodela polyrhiza and Landoltia punctata was possible by using plastidic inter-simple sequence repeat (ISSR) markers (Xue et al., 2012) or simple sequence repeat (SSR) markers of the plastidic genome (Feng et al., 2017) as well as nuclear SSR markers (Xu et al., 2018) . Out of the three studies, the first identified 11 haplotypes of Spirodela polyrhiza and 11 haplotypes of Landoltia punctata in 97 investigated clones, resulting in the specific identification of ca. 22%, and the second identified 19 out of 68 clones (28%). An alternative method was recently presented by Chu et al. (2018) using the highly polymorphic regions of NB-ARC-related genes (nuclear-binding leucine-rich repeat protein) as markers in Spirodela polyrhiza. These authors could "uniquely" identify 20 out of 23 clones of Spirodela polyrhiza (ca. 87%), while the remaining 3 clones could not be distinguished from each other, but could be distinguished from the other 20. The extension of this method to clones belonging to other duckweed species requires the availability of whole genome sequences of those species. It should be mentioned here that from whole genome sequencing it is known that the intraspecific variation in Spirodela polyrhiza is extremely low (Michael et al., 2017; Hoang et al., 2018; Ho et al., 2019; Xu et al., 2019) . Therefore, demonstrating differences between clones of this species is a kind of "toughness test" for the method employed. The present results of molecular investigations of the species in the genera Spirodela and Landoltia are summarized in the Table 1 .
GENUS LEMNA
With the most recent results (Bog et al., in press) published in the journal "Taxon, " the currently accepted number of species in the genus Lemna is reduced to 12 from the previously accepted 13 species. These results will be discussed at a later part of this section.
The delineation of the species of the genus Lemna based on several plastidic sequences was published by Wang et al. (2010) . Also, use of several plastidic and nuclear markers was investigated by Tippery et al. (2015) (e.g., ETS, ITS), and Borisjuk et al. (2015) (atpF-atpH and psbK-psbI). Presently, it is not yet possible to unify these results concerning the intrageneric structure. However, this problem is not specific to the genus Lemna but holds true also for all other genera of Lemnaceae. Landolt (1986) assigned Lemna gibba the highest morphological degree of primitivity and Lemna minuta and Lemna valdiviana the lowest degree. Perhaps the former represents the basal species and the latter ones the most derived species in the genus Lemna.
Using DNA-barcoding most of the species of Lemna could be easily defined in several projects. Wang et al. (2010) analyzed 8 of the Lemna species. In this study, Lemna japonica (only one clone investigated) was inserted in a clade of Lemna minor; Lemna minuta and Lemna valdiviana were not separated from each other and the bootstrap value of the branch to distinguish Lemna turionifera and Lemna trisulca was only 0.71. Borisjuk et al. (2015) investigated all Lemna species, in most cases represented by several clones. Lemna japonica was inserted in the clade of Lemna minor, and the separation of Lemna minuta, Lemna valdiviana, and Lemna yungensis was not completely clear. The fingerprinting method, AFLP used by Bog et al. (2010) was applied to all species of Lemna represented in total by 84 clones. With the exception of the group Lemna valdiviana/ Lemna yungensis, all species were delineated from each other including Lemna japonica. Clones of the species Lemna minuta were formally separated from those of the group of Lemna valdiviana/Lemna yungensis. However, with one exception, all clones of Lemna minuta were collected from Europe where they had invaded. Thus, the intraspecific similarity and dissimilarity to the other two species might have been overestimated by the selection of clones. Further results showed clearly that Lemna minuta is a species of its own but that there is no genetic difference between Lemna valdiviana and Lemna yungensis (Bog et al., in press, 2020) . In order to unravel this issue, detailed investigation of these three species using AFLP, barcoding with atpF-atpH and psbK-psbI, metabolomic profiling by matrix-assisted laser desorption ionization time-of-flight mass-spectrometry (MALDI-TOF-MS) as well as genotyping-by-sequencing was performed (Bog et al., 2020) . The results, all together, speak in favor of uniting Lemna valdiviana and Lemna yungensis to one single species, retaining Lemna valdiviana as a valid nomenclature for all the clones falling into these two species (with Lemna yungensis as a synonym). Thus, the number of currently accepted species of the genus Lemna was reduced from 13 to 12. In the Table 1 the results of molecular taxonomy for the genus Lemna are summarized.
We now move ahead from the root bearing members representing the subfamily of Lemnoideae to the rootless members, Wolffioideae, categorized into two genera, Wolffiella and Wolffia.
GENUS WOLFFIELLA
The genus Wolffiella represents the least investigated genus and comprises 10 species. Through the course of investigations, it turned out that this is the most difficult challenge for molecular taxonomy in the whole plant family . According to Landolt (1986) , Wolffiella neotropica has the highest morphological degree of primitivity within this genus and should be the most basal species of the genus.
In general, application of AFLP or plastidic barcoding were only of limited success in this genus. Bog et al. (2018) investigated 67 clones representing all 10 species. AFLP, clearly distinguished the species Wolffiella caudata, Wolffiella gladiata, Wolffiella neotropica, Wolffiella rotunda, and Wolffiella welwitschii. Apart from confirming these five species, plastidic markers could delineate two additional species, Wolffiella hyalina and Wolffiella denticulata although the conclusion concerning the latter is restricted by the availability of only one clone. However, separation and identification of the three species Wolffiella lingulata, Wolffiella oblonga, and Wolffiella repanda appears to be a major problem within the genus. A Combination of the sequence data of Wang et al. (2010) and those of Bog et al. (2018) resulted in three groups: one constituting a mixture of clones from the species Wolffiella oblonga and Wolffiella gladiata, another small group exclusively containing Wolffiella oblonga clones and a larger mixed group of Wolffiella oblonga and Wolffiella lingulata. In conclusion the species Wolffiella lingulata, Wolffiella oblonga, and Wolffiella repanda could not be identified by any of the molecular methods but could be strictly defined on morphological bases. An interesting find from the Structure analysis of the AFLP data is the formation of hybrids between different species of Wolffiella . As an example, the existence of hybrids between Wolffiella welwitschii and Wolffiella lingulata were deduced by artificial simulation of F1 plants from the related parent clones and was tested by Principal Coordinate Analysis. The existence of such hybrids could be one of the reasons for the complications encountered in delineation of species of Wolffiella based on molecular methods. The results for the genus Wolffiella are summarized in the Table 1 .
GENUS WOLFFIA
The genus Wolffia includes 11 species of the simplest morphological structure. This genus not only contains the smallest flowering plants (Bog et al., 2013) but also the fastest growing angiosperms (Sree et al., 2015b) . Interestingly, one of the members of this genus, Wolffia brasiliensis appears rather closer to Wolffiella species than to that of Wolffia. This is in agreement with the results of Wang et al. (2010) and Borisjuk et al. (2015) who both investigated three different clones of this species. Les et al. (2002) using one of these three clones obtained the same results from the analysis of cpDNA, however, not from the analysis based on nuclear DNA markers (ETS, 5.8S, 18S, 24S, ITS-1, and ITS2). Thus, analysis of the complete plastidic sequence, perhaps in combination with other nuclear markers would help to solve this mystery. Landolt characterized Wolffia brasiliensis and Wolffia borealis as those species with the highest degree of primitivity making them the candidates for the basal position within this genus. However, this prediction is neither supported by the trees shown in Bog et al. (2013) and Borisjuk et al. (2015) nor by the results of Tippery et al. (2015) based on either plastidic or nuclear sequences. Bog et al. (2013) used the sequences of rps16 (54 clones) and rpl16 (55 clones), and identified the following species successfully: Wolffia angusta, Wolffia australiana, Wolffia brasiliensis, Wolffia cylindracea, Wolffia elongata, Wolffia microscopica, and Wolffia neglecta. Wolffia globosa has been separated into two groups by both AFLP and barcoding. One group consisted only of clones from this species, the other group of Wolffia globosa contained also clones of Wolffia neglecta and showed high similarity to Wolffia borealis. None of the methods recognized Wolffia borealis as a distinct species. Moreover, the difficulties in delineation of Wolffia borealis, Wolffia globosa and Wolffia neglecta were also observed by Borisjuk et al. (2015) who made use of the plastidic fragments, psbK-psbI and atpF-atpH. The presently available data are summarized in the Table 1 . We have to conclude that besides the huge progress in the last decade in the field of molecular taxonomy, the results are not sufficient to identify all taxa of Wolffia.
CONCLUSIONS AND FUTURE PERSPECTIVE
The present state of molecular taxonomy has reached a level that cannot be further improved by employing the same techniques.
The limits of fingerprinting by AFLP and barcoding using plastidic sequences have been tested by using high number of clones covering as much as possible the species to be tested. In summary, the above mentioned in relation to the genus Wolffia is applicable to the whole family Lemnaceae: "The results are not sufficient to identify all taxa." This is even more evident in the genus Wolffiella. The solution can only be the use of a molecular method that provides more markers per clone for both plastidic and nuclear genomes than the above mentioned methods of fingerprinting and barcoding. This can be reached by an approach close to whole genome sequencing and next generation sequencing. Alternatively, whole genome sequencingbased selection of highly polymorphic regions like the NB-ARC-related sequences could be used when the extension to a larger number of species will be possible in future. Further, the application of the method "genotyping-by-sequencing" to molecular taxonomy, as evidenced in the genus Lemna (Bog et al., in press) could be extended to the whole plant family which has the potential to solve some of the persistent problems in molecular taxonomy of Lemnaceae.
